Background: To evaluate the application of blood oxygenation level-dependent (BOLD) imaging and intravoxel incoherent motion (IVIM) magnetic resonance imaging (MRI) on assessing early contrast-induced acute kidney injury (CIAKI). Materials: Sixty rabbits were randomly chosen to undergo iohexol (1.0, 2.5, and 5.0 [gI/kg], respectively; n = 15 for each group) or saline injection (n = 15). In each group, 6 rabbits underwent MRI at 24 h before injection and after injection of iohexol or saline (1 h and 1, 2, 3, and 4 days); meanwhile, out of the remaining 9 rabbits, 3 were chosen for MRI acquisition, and then they were killed at specific time points (1 h, 1 day, and 3 days, respectively). Results: The strong attenuation of pure molecular diffusion (D), apparent diffusion coefficient (ADC), and perfusion fraction (f) was observed at 1 day, while pseudodiffusion coefficient (D*) showed a significant decrease at 1 h after iohexol injection. A distinct elevation of apparent transverse relaxation rate (R2*) reached the maximum levels on day 1, which was consistent with the expression of hypoxia-inducible factor-1α and vascular endothelial growth factor. ADC, D, and R2* correlated well with histopathological parameters and biochemical parameters. Conclusion: BOLD combined with IVIM is effective to monitor renal pathophysiology associated with CIAKI.
Introduction
Contrast media (CM) has been increasingly applied in clinical practice to assist in the acquisition of various radiographic imaging modes and complex interventional procedures [1, 2] . Nevertheless, the invasiveness of CM may induce contrast-induced acute kidney injury (CIAKI), which is the most prevalent cause of acute kidney injury [3] . The underlying mechanisms leading to CIAKI have not been fully revealed, despite the extensive studies on clinical disease assessment and therapy response [4] .
Multiple noninvasive imaging techniques open a new era for the estimation of renal microcirculation and pathophysiology in vivo, such as blood oxygenation level-dependent (BOLD) imaging and intravoxel incoherent motion (IVIM) magnetic resonance imaging (MRI) [5] [6] [7] . BOLD is able to reflect the oxygenation status in tissues via the variation of the magnetic signal with respect to changes in blood deoxygenated Hb concentration [8, 9] . IVIM-MRI evaluates the microscopic motion as two distinct diffusion constants: the perfusion-related parameters (pseudodiffusion constant D*, perfusion fraction f) and the molecular diffusionrelated parameters (apparent diffusion coefficient [ADC] , the true random water diffusion D) [10] . To be more specific, decreased renal perfusion and renal medullary hypoxia are recognized as factors predisposing to the onset of CIAKI [11] . It may be desirable to combine BOLD with IVIM in terms of detecting the renal damage provoked by CM. As reported, the rabbit model is a suitable substitute for studying CIAKI with regard to renal changes, because they can be rendered in healthy rabbits with a single injection of CM without additional renal insults [12, 13] . On the other hand, larger kidneys could avoid limitations on spatial resolution and signal-to-noise ratio with 3T MRI.
The current study aimed to examine the application of BOLD and IVIM in quantitative analysis of renal functional impairment in CIAKI. The CM toxicity was also investigated by injecting different doses and verifying the dose response with iohexol. Furthermore, the occurrence of CIAKI would be determined by serum creatinine (Scr), while the renal tubular injury would be confirmed using urinary neutrophil gelatinase-associated lipocalin (uNGAL). Cellular hypoxia would be evidently measured by examining the distribution of hypoxiainducible factor-1α (HIF-1α) and vascular endothelial growth factor (VEGF).
Materials and Methods

Subject Selection
Sixty sexually mature male New Zealand white rabbits aged 9-10 weeks and weighing 2.5-3.0 kg were included. The rabbits had free access to standard food and tap water until 8 h prior to MRI examination. They were anesthetized via a venous cannula (24 gauge) inserted in the marginal ear vein with 3% pentobarbital sodium at a dose of 0.5 mL/kg. After baseline functional MRI (fMRI) scan, prewarmed (37 ° C) iohexol (GE Healthcare) or saline was injected into the marginal ear vein.
fMRI Protocol
After 30 min of anesthesia, all the rabbits underwent MR scan on a 3.0 T Twin Speed whole-body MR scanner (General Electric Medical Systems, Milwaukee, WI, USA) using a cardiac matrix coil with 8 independent receiver elements. In order to minimize the motion artifact of kidney, the rabbits were placed in the supine position with a belly band firmly bound on the abdomen. BOLD and IVIM images were independently acquired by 2 professional radiologists in a double-blind manner. fMRI parameters are shown in Table 1 . fMRI Data Analysis IVIM-MRI data were calculated as described by Le Bihan et al. [14] ; the relationship between signal intensities and b values is as follows:
where S b is the signal intensity at a specific b value, and S 0 is the signal intensity at a b value of 0, D represents the true diffusion, D* the pseudodiffusion coefficient, f the perfusion fraction, and b the diffusion gradient. Since D* is greater than D, the influence of D* can be neglected (> 200 s/mm 2 ). Ultimately, the previous equation can be simplified as follows:
.
Thus, D was calculated according to Eq. (2); subsequently, f and D* were calculated based on Eq. (1).
Parametric images of fMRI were analyzed with the ADVANCE Workstation software (General Electric Medical Systems). According to the study of Niles et al. [15] , fMRI images were segmented into four regions corresponding to the anatomic compartments of renal tissues, including cortex (CO), outer stripe of the outer medulla (OSOM), inner stripe of the (Fig. 1) . Additionally, the quantitative regional R2*, ADC/D, and D*/f measurements were performed three times by the same radiologists, independently.
Role of the Administered CM in the Kidney
Sixty rabbits were administered intravenous CM at dosages of 1.0 (group 1), 2.5 (group 2), or 5.0 g (group 3) iodine/kg body weight, respectively, and group 4 was injected with saline (n = 15 for each group) [12, 16, 17] . In each group, 6 rabbits underwent fMRI scan at baseline (before injection), 1 h, 1 day, 2 days, 3 days, and 4 days after injection; 9 rabbits were randomly selected for histopathological examination after fMRI at each respective time point (1 h, 1 day, and 3 days; n = 3 for each time point).
Histological Analysis
The right kidneys were immediately placed and fixed in 4% paraformaldehyde for 72 h, subsequently dehydrated and embedded in paraffin, and eventually sections were cut at 5 μm for hematoxylin-eosin staining. Two pathologists with more than 5 years of experience independently analyzed the sections. Histopathological changes were assessed for tubular desquamation, necrosis, tubular collapse, cytoplasmic vacuoles, and glomerular atrophy. Severity of tissue damage was semiquantitatively analyzed by assigning a score of 0-4 to each histopathological change: 0, no damage; 1, minimal injury (less than 25%); 2, moderate injury (between 25 and 50%); 3, intermediate injury (between 50 and 75%); and 4, severe injury (more than 75%) [18] .
Evaluation of Potential Kidney Injury
Briefly, after deparaffinization and antigen retrieval, the slides were blocked with 3% hydrogen peroxide for 20 min, and then protein blocking solution was used to inhibit nonspecific bindings for 30 min. Sequentially, the specimens were incubated overnight at 4 ° C with the primary antibody HIF-1α (dilution 1: 100) (Novus, NB100-105, USA) and polyclonal mouse anti-rabbit VEGF antibody (dilution 1: 500) (Novus, NBP2-45235, USA). Thereafter, the tissue sections were incubated for 30 min at room temperature with biotin-labeled goat anti-mouse IgG secondary antibody (dilution 1: 200) (Beyotime, A0216, Shanghai, China). The HIF-1α and VEGF expression were obtained using the ImageJ software.
Evaluation of Renal Function
Blood (1.5-2.0 mL) was collected via ear vein prior to MRI examination and 1 h, 1 day, and 3 days after the injection of iohexol/saline. The samples were centrifuged at 3,200 rpm (4 ° C) for 20 min to obtain serum. The concentration of the Scr was analyzed in our local clinical laboratory.
Urine samples (1.0-1.5 mL) were collected at baseline and 1 h, 1 day, and 3 days after CM administration in each group. At the time of assessment, urinary biomarker was examined using rabbit NGAL ELISA kits (fk-bf2464; Yuanmu Biological Technology Co., Ltd.) according to the manufacturer's instructions. In order to minimize the confounding effects of the urine flow rate, urine creatinine concentrations were analyzed by the local clinical laboratory [19] . The concentrations of urine NGAL were tested at various time points, with urine creatinine examined at same time, correspondingly.
Statistical Analysis
The results are presented as mean ± SD. Statistical analyses were performed using SPSS version 22.0. One-way analysis of variance (ANOVA) with the LSD test was used for inter- Representative R2* of a rabbit kidney from group 3 and the time course of R2* changes in the four groups. a Representative R2* images in group 3. All maps are demonstrated on the same window and level settings. The intensity of ISOM was greater than the remaining regions, which implied lower level of oxygenation. b The time course of R2* changes in the four groups. Maximum R2* signal changes appeared on day 1, and then gradually recovered towards the baseline. group comparisons of fMRI parameters. The repeated ANOVA test was used to compare the baseline values with those after contrast medium injection within a group. Spearman's correlation analysis was employed to assess the relationship between fMRI variables and histological changes or urinary NGAL (uNGAL). p < 0.05 was considered statistically significant.
Results
fMRI Measurements in Rabbit Kidneys after CM
As demonstrated in Figure 2a , iohexol induced a significant increase in R2* in group 3 (rabbits subjected to CIAKI). In groups 1-3, compared with baseline values, R2* values dramatically increased at 1 h and up to the maximum levels at 1 day in CO (p > 0.05, p > 0.05, and p = 0.040, respectively), OSOM (p > 0.05, p > 0.05, and p = 0.003, respectively), ISOM (p = 0.043, p = 0.008, and p = 0.008, respectively), and IM (p > 0.05, p > 0.05, and p = 0.001, respectively), and subsequently R2* returned to the baseline level within 2, 2, and 4 days, respectively (Fig. 2b) .
As demonstrated in Table 2 , iohexol induced a marked and significant reduction in ADC/D and D*/f in all of the anatomical compartments in group 3 (rabbits subjected to CIAKI), and the IVIM images obtained at each time point are shown in Figure 3 .
For renal diffusivity, compared with baseline values, ADC dramatically decreased at 1 h, reaching the bottom on day 1 in CO (p > 0.05, p = 0.003, and p = 0.002, respectively), OSOM 
(p > 0.05, p = 0.048, and p = 0.015, respectively), ISOM (p = 0.046, p = 0.027, and p = 0.014, respectively), and IM (p > 0.05, p > 0.05, p = 0.024, respectively) in groups 1-3, and subsequently ADC returned to the baseline value on days 2, 3, and 4, respectively (Fig. 4a) . A similar rapid initial decrease was observed for D, reaching the bottom on day 1 after iohexol administration in groups 1-3 in CO (p > 0.05, p = 0.037, and p = 0.015, respectively), OSOM (p > 0.05, p = 0.031, and p = 0.012, respectively), and IM (p > 0.05, p > 0.05, and p = 0.007, respectively); in addition, a significant reduction of D in ISOM was observed on day 1 (p > 0.05, p = 0.020, p = 0.016, respectively), followed by a rebound towards the baseline within 0, 3, and 3 days, respectively (Fig. 4b) . , and returned towards the baseline level during a follow-up of 2 days, 2 days, and 2 days, respectively (Fig. 4c) .
A similar but slighter change in f values was detected, where the mean f value decreased at 1 h, reached its minimum on day 1 in CO (p > 0.05, p = 0.010, and p = 0.016, respectively), OSOM (p > 0.05, p < 0.001, and p = 0.019, respectively), ISOM (p = 0.028, p = 0.025, and p = 0.001, respectively), and IM (p > 0.05, p = 0.014, and p = 0.034, respectively), and gradually returned to baseline within 2 days in groups 1-3 (Fig. 4d) . Hematoxylin-eosin-stained histological changes of the kidneys in group 3. At 1 h, the proximal tubular epithelial cells became swollen, with pronounced tubular dilatation and intraluminal desquamation; on day 1, obvious tubular cell vacuolization-necrosis in the proximal tubules was detected; on day 3, interstitial vasodilation started to become visible, and atrophy in the glomerulus and tubular vacuolization were observed. Scale bar, 100 μm. 
Histological Analysis
Renal injury occurred at different levels of severity, depending on the injection dosage. Vacuole formation is recognized as the earliest sign of CIAKI, as a result of pinocytosis and lysosomal fusion. Widespread tubular karyopyknosis or necrosis was the predominant change in CIAKI. Pronounced tubular dilatation, atrophy, and fibrosis in the glomerulus, and tubular desquamation could also be observed (Fig. 5) . The severity score varied significantly in groups 1-3 (Fig. 6 ). 
HIF-1α and VEGF Immunohistochemistry Results
HIF-1α was mainly expressed in the nucleus of tubular cells. After iohexol injection, HIF-1α was transiently upregulated at 1 h and confined to a period of time, within 3 days after the induction of the hypoxic insult (Fig. 7) . Group 1 and group 2 showed less expression of HIF-1α than group 3, and slight signal changes were detected in the control group (Fig. 8) .
The location of VEGF expression partially corresponded to areas of HIF-1α induction. Mean VEGF scores were significantly higher in the iohexol-treated groups than in the control group. After injection of iohexol, renal VEGF immunostaining was aggravated along with the increase in iohexol dosages (Fig. 9 ).
Blood and Urinary Biomarkers
A dose-dependent rise in Scr was observed in rabbits, when it significantly changed on day 3, whereas no statistically significant change in Scr was observed after iohexol injection at other time points (Fig. 10a) . Although the concentrations of urine normalized NGAL of groups 1 and 2 increased slightly after contrast, they were not significantly different from the baseline level. For group 3, the concentration of urine NGAL remained at a comparatively low level at 1 h and reached the peak at 1 day after the application of contrast medium (p = 0.032 vs. baseline) (Fig. 10b) .
Correlation between fMRI Parameters and Histological Scores/HIF-1α Expression/VEGF Expression/NGAL
Among all the cases, there was good correlation between histological scores and ADC, D, or f (Fig. 11a, b, d) , while there was fair negative correlation between histological scores and D* values for the medullary kidney (Fig. 11c) . There was good negative correlation between HIF-1α expression and ADC, D, or f values (Fig. 11e, f, h ), but poor correlation between HIF-1α expression and D* values (Fig. 11g) . There was good correlation between uNGAL and ADC or D (Fig. 11i, j) and fair correlation between uNGAL and f (Fig. 11l) , while there was no correlation between uNGAL and D* (Fig. 11k) .
There was a good correlation between histological scores and R2* values (Fig. 12a) . For the medullary kidney, the calculated R2* were significantly positively correlated with HIF-1α expression, VEGF expression, or NGAL (Fig. 12b-d) . 
Discussion
In the present study, the value of multiparametric fMRI technologies, i.e. BOLD combined with IVIM, was demonstrated on estimating rabbit renal insufficiency caused by contrast medium in vivo. In addition, New Zealand white rabbits served as good models for understanding the causes leading to CIAKI [20] . The impact of contrast medium dosages on modulating renal vascular and tubular function was achieved by using fMRI, renal histology, HIF-1α, and VEGF as indicators of renal damage.
In this study, we observed that the D value showed a correlation with HIF-1α in the kidney, where hypoxia was partially attributed to induced tubular injury, in agreement with the theoretical relation described by Rosenberger [21] . Furthermore, tubular injury was correlated with intrarenal diffusion as well [22] , which can be confirmed by the good correlation between D and NGAL. NGAL, as a viable tubular damage marker, is rapidly and massively generated in tubule cells of the kidney after renal ischemia reperfusion, released into the urine within hours [23] . An additional explanation for tubular injury may be related to direct cytotoxicity effects or increased level of apoptosis in tubule cells and the successive aggravation of diffusion deficiency [23] . On the other hand, it is known that the intracellular versus extracellular fluid fraction affects renal diffusion [24] . Iohexol displays hyperosmolality and accumulates in the tubular system with a much larger concentration, which will induce prolonged cellular dehydration, eventually leading to a relative reduction in the intrarenal water content.
Our results revealed that the reduction of renal perfusion occurred earlier and was more severely affected than tissue diffusivity with respect to renal dysfunction, which is consistent with Liang et al. [25] . Noticeably, the results also revealed that f required a time window (i.e., 1-2 days) to recover to the baseline level in all of the four renal regions. Hence, those effects far outweigh the presence of hyperfiltration compensatory mechanism, where arterial pressure and tubular flow were increased [26] . It was hypothesized that an increase in the D* value on day 1 might be associated with vasodilation, while the f value on day 2 might indicate an elevated vascular fluid volume.
In this rabbit model, renal oxygenation was reduced after iohexol injection, as demonstrated using BOLD, where R2* derived from BOLD were strongly correlated with HIF-1α expression or VEGF expression. It has been proposed that medullary hypoxia, in particular, is a hallmark of CIAKI [27] . One possible explanation is that renal blood flow elevates rapidly, followed by a more prolonged decrease, eventually leading to intrarenal hypoxia after the administration of CM [28] . This hypothesis was supported by our results with the observed reduction in D* associated with net decreased blood flow. Also, CM applied to the lumen led to constriction and enhanced vasa recta responses to angiotensin II in a series of in vitro studies from rats and humans [29] . In addition, the kidney may increase tubular transport to maintain fluid homeostasis, which results in raised oxygen consumption and a subsequent increase in R2* [30] . The results of our study suggest that iohexol caused a dose response in the whole renal hypoxia and a remarkable reduction in molecular diffusivity and microcapillary perfusion. The previous finding of Li et al. [31] also showed that renal medullary hypoxia was dose dependent after the application of iodixanol. CM acts in a time-and concentration-dependent manner; an increased dosage may increase CM's cytotoxicity and prolong the time renal tubular epithelial cells are exposed to it [32] . Of note, direct contrast-related toxicity is a pivotal criterion for acute renal damage [33] . Our results demonstrated that the peak of blood Scr occurred approximately 3 days after iohexol administration in a rabbit model of CIAKI. However, the change detected at 1 day using urine NGAL was much earlier than that of Scr. fMRI can detect the structural and functional damage of the kidneys before these traditional clinical markers of kidney disease become abnormal. Thus, it is hereby concluded that fMRI combined with urine NGAL is more sensitive than Scr in diagnosing renal impairment after CM injection.
Nevertheless, a few limitations need to be mentioned with regard to the current study. First, due to the poor time efficiency of respiratory-triggered methods, fMRI scanning was performed with a free breathing method. Secondly, the quantitative fMRI multiparameters were calculated as the mean of regions of interest that were manually drawn three times with a uniform size, whereas there is space for measurement bias. Lastly, CM injection affects renal medullary oxygenation and water diffusion [24, 34] ; however, we did not evaluate the effect of CM itself on fMRI parameters.
In conclusion, the present study highlights the potential of BOLD imaging combined with IVIM-MRI in examining CIAKI in clinical practice, allowing the measurement of renal oxygenation, hemodynamics, and water diffusion. Increase in iohexol dosage causes more pronounced and prolonged modifications in rabbit kidneys over time. HIF-1α and VEGF are valuable biomarkers to verify hypoxia in CIAKI as well. uNGAL levels correlate well with fMRI findings; thus, it may be the earliest indicator of renal injury, and future studies could immediately translate the methodology to humans.
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